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Abstract 
Thermocline storage system is considered as a cheaper alternative to the common two-tank molten salt approach. However, its 
configuration and performance might lead to a catastrophic structural failure known as thermal ratcheting. It may occur when a 
tank filled with particulate solids is cyclically heated and cooled. This paper aims at studying the transient evolution of 
thermocline tank wall stresses, taking into account both thermal and mechanical loads. A complete numerical methodology to 
deal with the fluid-structure interaction problem, based on a thermoelastic model for the shell, is used. For validation purposes 
and getting better understanding of the stress-strain response of the structure, Solar One Pilot Plant thermocline case is 
reproduced. Although some experimental data obtained from the literature suffers of large uncertainty, the numerical results 
show consistent good agreement. 
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1. Introduction 
Thermal energy storage systems are an essential part in Concentrated Solar Power (CSP) plants, as they can 
mitigate the inherent intermittency of solar radiation. Although two-tank molten salt is the current standard thermal 
storage system, there is another option that has been considered due to its lower cost, the thermocline approach. This 
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technology uses one tank instead of two and it is based on the principle of buoyancy stratification to separate hot and 
cold fluid. In addition, an inexpensive solid filler material, such as sand and gravel, is introduced to replace part of 
the higher-cost heat transfer fluid required, as well as to maintain the thermal gradient.  
An important concern about its design is the structural failure the thermocline tank wall might experience by a 
phenomenon known as thermal ratcheting [1]. When the tank wall expands more than the filler material, a gap 
between both is created allowing the solid medium to settle lower to fill it. When the system is cooled, the tank is 
unable to contract completely, resulting in thermal stresses that may cause plastic deformation. If the strain 
hardening cannot prevent the same process in the next heating and cooling cycles, the tank wall will be slowly 
ratcheted outward until it fails. 
Few works have been carried out to study this phenomenon. Flueckiger et al. [2] performed numerical tests under 
different thermal conditions in order to verify that no plastic deformation was arisen. Their study was based on a 
static stress-strain finite element analysis with two states of maximum and minimum temperature. The internal filler 
solid was assumed to be infinitely rigid. Kolb et al. [3] analyzed numerically the dynamic behavior considering 
elastoplastic models for the shell and the filler solid. Their parametric study proved that thermal ratcheting can be 
prevented using the right bed and shell physical properties. 
This paper studies the structural response of a tank which undergoes charge-discharge cycles. It relies on a 
complete dynamic analysis which takes into account both the thermal (temperature variations in time and space) and 
the mechanical load (fluid pressure and solid filler force). The aim is to ensure the structural integrity of the 
thermocline tank from a conservative point of view, prohibiting any material plastic deformation and, therefore, 
avoiding every possibility of thermal ratcheting. In this sense, it is useful for identifying the critical points and the 
way they have to be treated. 
The experimental not-commercial 170 MWht thermocline system of Solar One Pilot Plant is taken as a sample of 
the performance of these storage tanks [1,4,5]. While this first large-scale thermocline tank differs from what today 
is projected —for instance in the use of molten salts as HTF in place of hydrocarbon oil— the thermo-mechanical 
behavior is qualitatively identical. Furthermore, since the case has been experimentally tested (bed temperature and 
wall stress), it serves as a validation of the mathematical model developed.  
 
Nomenclature 
1  identity matrix      t  time   
Pc  specific heat      v  velocity 
dc ,  charge, discharge (as subscript or superscript) T,, rz
 
tank cylindrical coordinates 
E  Young's modulus  
e  tank wall thickness    D   thermal expansion coefficient 
k   thermal conductivity    E    POD 23   
n  surface normal unitary vector   İ  infinitesimal strain tensor 
inp  tank inner pressure    OP ,  Lamé parameters 
inR  tank inner radius     Q  kinematic viscosity 
T   temperature     U  density 
0T  reference temperature    ı  Cauchy stress tensor 
2. Problem definition 
The Solar One thermocline tank [1,4,5] is sketched in Fig. 1. It is a cylindrical vessel with 18.2 m inner diameter 
and 14 m high, composed of a low alloy steel wall (ASTM A533 Class 2 Grade A), and covered by 0.229 m of 
fiberglass insulation. The steel wall plate thickness is assumed to be 0.02 m for simplicity, though the real value 
decreases discretely from 0.0286 m at the bottom to 0.0079 m almost at the top. Inside, an oil known as Caloria HT-
43 works as the heat transfer fluid. The filler material consists of different layers of sand, rock and mixture as shown 
in Fig. 1. Both fluid and filler cover 12.4 m, and the place up to the top is the ullage space. Inert nitrogen is kept in 
this empty space under about 2240 Pa above atmospheric pressure. 
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Fig. 1. Thermal storage unit of the 10MWe Solar One pilot plant (dimensions from [1]). 
Physical properties for the vessel material are taken from [6] (ȡ = 7850 kg/m3, cp = 480 J/kg/K, k = 41 W/m/K, E 
= 1.86E11 Pa, Į = 1.48E-5 K-1 and 0.3 to the Poisson’s ratio). For the rest of materials, physical properties are taken 
from [1]. For sand and quartzite rock they take the next values: ȡ = 2643 kg/m3, cp = 1000.5 J/kg/K, k = 2.2 W/m/K. 
For the Caloria HT-43: ȡ = 692.4 kg/m3, cp = 2700 J/kg/K, k = -1.4E-4T+0.13 W/m/K and Q = 0.192T-2.21 m2/s (both 
temperatures in ºC).  Fiberglass has a thermal conductivity of 0.038 W/m/K. The filler void fraction is 0.22 in the 
mixed rock and sand region, and 0.4 in the rock only or sand only regions. The effective particle diameters are taken 
from [2] estimations. 
From a structural point of view, there are two types of loads acting perpendicular to the wall inner surface: the oil 
pressure and the filler force. The first one is mainly the sum of the ullage pressure plus the fluid hydrostatic 
pressure, since slow fluid velocity makes its pressure loss negligible. The second one is more difficult to evaluate 
because of the complex elastoplastic physics of particulate solids. It is known [4,6] that tank wall expands more than 
the filler material (Įfiller  Įsteel). Therefore, two extreme filler reactions have been considered, making sure that real 
wall strain-stress state is between both cases: 
x Flexible filler that always expands equal to the shell (Įfiller = Įsteel). This interpretation means that no tank 
shrinkage prevention is applied by the filler during the cooling as they take the same radial displacement. The 
loading comes from the filler specific weight. The top rock slides weight the below ones which smash and exert 
pressure on the walls by describing a similar profile to hydrostatic pressure in a fluid. The total fluid and filler 
pressure takes the distribution of internal pressure loadings presented in [1] (a linear function that takes 254 kPa 
at the bottom and the ullage pressure at the top). Friction between bed and wall is neglected. 
x Rigid filler (Įfiller = 0). There is no influence of its own weight owing to its continuous rigid mass behavior. From 
a stress-free reference state, if the temperature increases, the tank expands and the filler remains unchanged, 
giving rise to a gap. The solid medium, assumed cohesionless, slumps downwards filling the gap and preventing 
the tank decrease its inner radius from that moment on. The total mechanical load includes the fluid hydrostatic 
pressure and all the normal force necessary to stop any radius decrease. 
Regarding the system operating conditions reported in [5], the oil works from a hot temperature of 304 ºC to a 
cold one of 204 ºC. However, the oil mass flow pumped into the tank was highly variable and difficult to measure. 
For this study, a constant average flow rate of 70 kg/s, both for charge and discharge, is considered. The system 
starts from a uniform bed temperature of 204 ºC. Every charge-discharge-standby cycle lasts 1 day. Charge and 
discharge time is imposed by outlet temperature limits of 208 ºC and 300 ºC, respectively. These parameters have 
been chosen so as to make the temperature profile along the bed height similar to that measured in the pilot plant, as 
can be seen in the next section. 
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Finally, the ambient daily temperature is represented as a sinusoidal function from 15 ºC to 30 ºC. The 
convection heat transfer coefficient is approximated to 5 W/m2/K. It is supposed that charging process starts at 9am 
and discharging process at 7pm the first day and at 6pm thereafter. 
3. Mathematical and numerical model 
A general loosely-coupled strategy is adapted in order to solve the fluid-structure interaction problem. For each 
time step, first, inner fluid dynamics and heat transfer is solved. Then, the temperature field on the shell is 
calculated, taking into account the heat exchange with the HTF and the environment. Finally, with the thermal and 
mechanical loads defined, the stress-strain state of the tank wall is found. 
3.1. Fluid model 
Mass, momentum and energy conservation equations have to be solved in order to be able to simulate the thermal 
and fluid dynamic behavior of the flow inside the tank. A detailed numerical methodology which discretizes these 
conservation equations using the finite volume method is used. The tool, developed and validated by Galione et al. 
[7], assumes one-dimensional fluid flow and temperature distribution (in the flow direction), and one-dimensional 
heat transfer in filler particles (radial direction). The tank has been discretized axially in 500 control volumes and 
the automatically fitted time step is around 4 seconds. 
3.2. Tank wall model 
A linear thermoelastic solid model is applied for the steel walls of the tank. A linear model is used because the 
shell is subjected to small strains. The model is elastic because it is enough to establish if yield point has been 
reached, i.e. if solid undergoes non-reversible plastic behavior. A thermoelastic solid is governed by the 
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where the energy source term depending on the strain tensor is negligible due to the slow strain rate of this problem. 
No body forces are considered and the variation of momentum is also negligible. The linear constitutive equation 
that specifies the relation between stress, strain and temperature is: 
   11İİı 0tr2 TT  EOP    (3) 
The equations are discretized using finite volume method on a three-dimensional mesh with axisymmetric 
boundary conditions. Transient evaluation of stress-strain is calculated using incremental formulation. A detailed 
explanation of the formulation, accuracy and efficiency of finite volume method with elasticity is available in [8,9]. 
The vessel geometry is simplified to a cylinder. There is a Dirichlet zero boundary condition in the vertical 
displacement at the bottom surface and traction boundary condition at the sidewalls and the top. This traction is only 
different to zero in the inner sidewall where it takes the value of fluid and filler pressures. The energy boundary 
conditions are: adiabatic wall at the top and bottom, convection heat transfer with internal fluid flow on inner 
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sidewall, and a combination of conduction through the insulation layer and convection heat transfer with the 
external ambient air on the outer sidewall. 
The Solar One tank is discretized axially in 400 sections and radially in 3 sections. They are necessary to 
simulate properly the bending behavior of cylindrical vessels containing a highly stratified axial fluid temperature 
[10,11]. A time step of 1 hour is used. 
4. Results and discussion 
Firstly, the transient temperature maps of fluid and shell are analyzed. Then, tank stress reactions considering the 
two extreme filler behaviors are presented and compared with results from the literature.  
4.1. Fluid and tank temperature distribution 
The numerical solution for the bed temperature throughout the second-day charging process, when the axial 
temperature gradient is still fairly large, is shown in Fig. 2. The results are compared with the bed temperature 
measurements collected by the thermocouples installed in the storage unit of Solar One during 18 May 1983 [5]. 
Good agreement between experimental and numerical results is observed. It can be observed also the thermocline 
degradation throughout the day-cycles and the symmetry between charge and discharge maps when the periodic 
steady conditions are reached. 
 
Fig. 2. Temperature maps of heat transfer fluid during the second-day charge (left) and during the steady-cycle (right). Numerical simulation 
results (solid lines) and measures from [5] (dashed lines). 
 
Fig. 3. Tank wall temperature during the start-up 10-hour charge (left) and 8.5-hour discharge (right). 
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The tank temperature profiles of the start-up cycle are plotted at 2-h intervals in Fig. 3. As seen, due to the 
external insulation, the wall temperature is always very close to the fluid temperature. It does not seem to be 
affected by the environment oscillating conditions. Although the ullage space gets quickly to a temperature near 304 
ºC, the complete heating of the upper tank section lasts for one day due to the inner static gas. Another point of 
interest is the different oil-shell convection coefficient depending on the filler bed composition, which is 
recognizable in the temperature profile between 0 and 2 m. 
4.2. Thermoelastic stresses 
Even though the simulation carried out is transient and fully 3D, it is useful to analyze previously the influence of 
the different normal and shear stresses in this particular case (Solar One plant). The most relevant stresses are the 
hoop stress, which is the stress in the circumferential direction, and the axial or vertical stress. Any pressure applied 
by the inner substances, either by its own weight as by its rigid nature, generates a radial stress that varies from the 
value of this pressure in the interior surface, to patm at the outside. As deduced in pressure vessel theory, the hoop 
stress required to balance a cross tank section is much higher than this internal radial stress. Thus, radial stress is not 
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The torsion phenomenon caused by large axial temperature gradients generates a wave-perturbation in hoop and 
vertical stress, as it is illustrated in [10,11]. Therefore, vertical stress might be present although there is not a 
restriction of vertical displacement. On the other hand, no shear stresses must be taken into consideration, resulting 
from axial cylindrical symmetry (ıRș, ıșZ ) and from the thin-walled configuration (ıRZ). 
As a safety measure against thermal ratcheting, each stress-strain state is analyzed to assure that no yielding nor 
plastic response is reached. This fact is evaluated here following the von Mises yield criterion, useful for 
multidimensional problems, that applies best to ductile materials, such as metals. The criterion suggests that yielding 
of material begins when the equivalent tensile stress reaches the yield strength. 
4.2.1. Flexible filler material 
The stress state at the beginning of the simulation is only due to the internal pressure since the homogenous 
heating from ambient temperature to 204 ºC does not produce any perceptible stress. As it is depicted in Fig. 4, a 
hoop stress directly proportional to this pressure, which increases linearly from top to bottom, is developed. 
In the course of the first heating, when the fluid gets the highest stratification, is when the biggest perturbation in 
ıșș and ıZZ arises. A wave of hot-compressive and cold-tensile hoop stress moves together with the temperature 
gradient. The same applies to the axial bending and so vertical stress. Nevertheless, the magnitude of these 
perturbations turns out not to be alarming. Thus, unless there is a much narrower thermocline, it may be concluded 
that the stresses caused by the axial temperature gradient is not relevant to the design of these storage tanks. 
Consequently, vertical thermal stress could also be neglected. 
By the time the tank is fully charged, the maximum radius in the entire height is established by thermal 
expansion. The radius will decrease from bottom to top during the cooling until the geometry takes its discharged 
shape. Only the top part of the tank, where hot oil layers still survive, remains expanded after discharge. The stress 
distribution, plotted in Fig. 5, only changes in the perturbations, which moves upward during discharge. As days and 
cycles pass by, vertical and horizontal stress perturbations are smoothed as the fluid stratification is degraded. 
In Fig. 6, the computed equivalent stress when the tank is fully charged for the first time is plotted. In this case, it 
is the instant when the maximum equivalent stress is developed. Its value, 122 MPa at 1.2 m height, is far from the 
steel yield strength, whose value lies between 405 MPa at 316 °C and 482 MPa at 20 ºC. The structure has a safety 
factor to yield bigger than 3.1. It can be seen that, in effect, this stress takes almost the same value as the hoop stress 
due to the relatively small vertical stress produced. 
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4.2.2. Rigid filler material 
If rigid filler is assumed, its weight does not affect the inner pressure. As a result, the initial hoop stress, which is 
proportional to the fluid hydrostatic pressure, becomes smaller than the flexible assumption. During the first 
charging process, waves of hoop and vertical stress moves downward like in the flexible case (Fig. 4). 
The stresses developed during the first discharge are shown in Fig. 5. Unlike previous reaction, radial contraction 
will be restrained during discharge and the geometry will keep the hot shape. That is, as it is cooled, thermal hoop 
stress is generated due to shrinking restriction. This force is proportional to the temperature decrease in time, so that, 
after discharge, constant thermal stress is placed between 4 and 9 m, in which ǻT is nearly 100 ºC. This hoop stress 
is added to the elastic stress response to the HTF pressure. Consequently, the maximum stress the structure must 
withstand is about 300 MPa at 4.2 m from the floor, as a combination of maximum temperature variation in time and 
high fluid pressure. The maximum stress obtained with the simulation agrees with the simplified linear static 
analysis estimation. It can be approximated knowing that the strain set during the charging process remains during 
discharge. 
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Fig. 4. Tank wall stresses during the first 10-hour charging process. Flexible filler material (top) and rigid filler material (bottom). 
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It has been proved that next day-cycles do not alter the maximum stress recorded throughout the first one, but 
only the shape of the transient stress profile slightly. The structure relaxes every charging process. The thermal 
stress (the elastic remains) in a section is removed completely if the section gets its recorded maximum temperature 
(Tc), when it got the maximum radius. However, while the discharge takes place, it is stressed from top to bottom 
following the temperature drop and its tendency to shrink. This evolution of hoop stress is correctly described in Eq. 
6. Fluid thermal degradation narrows the area affected by maximum thermal stress until the steady cycle conditions 
are reached.  
The von Mises stress (Fig. 6), like in the flexible case, is almost equal to the hoop stress. Although the rigid filler 
material produces 2.3 times bigger stresses than the flexible one, the recorded equivalent stress does not exceed yet 
the steel yield strength. In fact, the structure has a safety coefficient around 1.35. Thus, no potential for thermal 
ratcheting is detected in either case. It should not be forgotten that the low alloy steel of the tank wall has high yield 
strength. Common steels, with yield strength about 200 MPa, would start to plastically deform if rigid filler material 
is considered. 
4.2.3. Comparison 
The biggest hoop stresses, those from the first day simulated, are compared in Fig. 7 with the readings taken from 
Solar One strain gages at various times [1] and with the numerical solution obtained by Flueckiger et. al [2].  
The first thing noticeable, looking Flueckiger et. al, is the significant difference in the maximum stress. The 
reason is their steel Young’s modulus and thermal expansion coefficient, which were smaller than the ones used in 
this study. In addition, the curve of maximum hoop stress has a small negative slope in the present solution as a 




Fig. 5. Tank wall stresses during the first 8.5-hour discharging process. Flexible filler material (top) and rigid filler material (bottom). 
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Fig. 6. Tank wall maximum stress profile for the flexible (at the end of the first charge) and the rigid filler material (at the end of discharge). 
tank and end before the top. The reason is clearly the shell temperature profile, probably affected by a different CFD 
simulation. 
There is no information about the specific time of the charge-discharge cycle when stress data was measured. In 
addition, according to the original authors, some measured stresses were inconsistent with the problem physics and 
there were significant uncertainty in the strain measurements. Comparing all transient results, it seems that hoop 
stress results at 10pm for the rigid case (bold line in Fig. 7) are the ones that follow better the experimental 
measures. This solution is within the range of uncertainty of the most reliable measures, located at the bottom of the 
tank. Data collected near this area in 1984 is notably bigger than the simulated stress. It can have been the tank 
temperature distribution, if higher temperatures than 304 ºC were established in that height. 
Linear decrease along the wall in the flexible case does not approach well to the recorded stress variability. 
Therefore, the filler material behavior was closer to a rigid nature than to a flexible one. Indeed, the real stress-strain 
state is likely to pertain to an intermediate case. During the cooling, filler material will contract but less than the 
steel tank wall, producing shrinking prevention stresses smaller than those find in the rigid consideration. It may be 
concluded that the whole numerical platform developed, including fluid and rigid filler material model, agrees 
properly with the real hoop stress developed in thermocline-like tanks. 
 
 
Fig. 7. Hoop stress on Solar One thermocline tank. Transient simulation results (color lines), simulation results at 10pm for the rigid case (bold 
line), Flueckiger model solution [2] (black line) and measured data [1] (dots). Experimental readings at two different instants: December 1982 
(left) and June 1984 (right). 
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4. Conclusions  
A complete numerical model to evaluate the stress-strain state of thermocline-like storage tank structure has been 
presented. The platform is able to perform dynamic analysis solving both the heat transfer fluid, with a CFD code, 
and the tank wall, with a three-dimensional thermoelastic model. 
The structure solver takes into account mechanical loads (inner pressure of fluid and filler material) and thermal 
loads (temperature changes in time and space). Rocks and sand placed in the tank are modeled following two 
extreme assumptions: filler expanding like tank walls and filler as rigid-cohesionless particles. Every instant is 
investigated to assure that no yield point nor thermal ratcheting is arisen. To do so, the multidimensional yield 
criteria of von Mises is evaluated. 
In order to validate the model and to understand the thermal and structural response of the tank walls, a realistic 
simulation of Solar One Pilot Plant thermocline system is developed. After establishing the thermo-mechanical 
conditions to replicate the case, successful results, regarding temperature and hoop stresses, are obtained that agree 
with experimental data. Nevertheless, it seems that an intermediate model for the particulate filler material, that 
considers its own thermal expansion, should be considered for future models. 
Thermocline-like storage tanks like the simulated are subjected to a high stress level (maximum stresses near 300 
MPa, from a conservative point of view). Thus high yield strength material is needed to avoid thermal ratcheting. 
Other parameters like filler material thermal expansion coefficient or tank wall thermoelastic properties (thermal 
expansion coefficient and Young’s modulus) are also key points to overcome potential thermal ratcheting. 
Tank wall stress level is mainly due to fluid and filler material pressure, i.e., to hoop stress. However, if larger 
axial temperature gradient takes place, wall torsion effect becomes significant. In this case, a computational 
structure solver like the one presented should be used to evaluate the resulting stresses. 
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